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Particle induced x-ray emission (PIXE) is an ion beam analysis (IBA) technique which provides 
a nondestructive analytical method for identifying elements simultaneously in a sample. 
Moreover, PIXE is rather sensitive and rapid multi-elemental analysis with rather short 
measuring time and can be used for qualitative as well as quantitative research. Sample 
preparation procedures for PIXE are generally simple. The PIXE technique is utilized in 
numerous applications and in different research fields like materials science, archeology, 
environmental science, geology, biology etc [1-3].  
The aim of the research and this thesis is to introduce the PIXE technique as a practical 
tool to identify elements in coins of different centuries. The application of scientific methods 
as PIXE to analyze coins can be specified in the following three areas: analysis of alloys, 
determination of provenance of the metal and technological studies. From the perspective of 
numismatics, the application of PIXE method provides valuable information of coins, for 
instance in changes of material technologies, economic conditions, political aspects, monetary 
theory, and art of coin design [4]. In addition, as a nondestructive technique PIXE is beneficial 
for analysis of ancient and valuable coins because it does not do any damage to the sample 






1.1 Brief history of PIXE  
In 1895, a German physics professor Wilhelm Röntgen [5] discovered x-rays while testing 
whether cathode rays could pass through glass. For this outstanding discovery he was awarded 
the first Nobel Prize in physics in 1901. X-rays are a form of electromagnetic radiation with a 
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very short wavelength. Throughout the years x-rays have gained great importance in wide range 
of applications in many fields of research and modern life.  
In 1912, James Chadwick [6] showed that alpha particles from radioactive source can 
give rise to x-ray emission. However, due to too low signal and too low beam intensity this 
process was not useful for analytical purposes or practical applications until the development 
of particle accelerators for nuclear physics research. 
As a phenomenon x-ray emission gained a lot of interest among physicists. Furthermore, 
a common appearance of x-rays as a background in nuclear physics experiments led to more 
specific theoretical and experimental research. The rapidly growing interest in this field 
required the improvement of experimental setup. In the 1950s, accelerators started to be used 
in the nuclear physics research.  
The 1960s was a decade of significant progress in the nuclear detector technology. 
Wavelength-dispersive x-ray spectroscopy (WDS), which was at that point in time the most 
used detection method, got a great competitor of energy-dispersive x-ray spectroscopy (EDS) 
which started to utilize lithium-drifted silicon detectors, or shortly Si(Li) detectors. In 
comparison with EDS, WDS could detect one x-ray line at a time only, while EDS with  
Si(Li) detector and multichannel pulse-height analysis were capable to detect all the x-ray lines 
simultaneously. 
The knowledge of cross sections as a function of particle energy and atomic number to 
produce x‐rays as well as the possibility to use heavy charged particles allowed the development 
of multi-elemental analysis. In 1970, the first international conference on “PIXE and its 
applications” was organized, where PIXE was first introduced by Sven Johansson et al. [7] at 
the Lund Institute of Technology, Sweden. Johansson and his colleagues showed that using 
MeV protons with high resolution Si(Li) detector, it was possible to carry out multi-elemental 
and nondestructive analysis of trace elements with a good resolution at 10-12g level. This ion 
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beam technique rapidly gained a lot of interest among physicists and started to be applied in 
many nuclear physics laboratories. By the 1980s, most of the technologies which utilized PIXE 
analysis were completed. 
Starting from the year 1970 till this day, many international PIXE conferences have been 
organized, where the technical improvements and the applications of PIXE in several scientific 









































PIXE is based on the detection of characteristic x-rays. For heavy elements, the probability of 
the emission of x-rays (de-excitation) is close to 1, but for light elements it is only few  
percent [8]. To determine the probability of characteristic x-ray production in elemental 
analysis by PIXE technique, there are fundamental parameters called ionization and x-ray 
production cross sections. In addition, the best theory for calculating inner shell ionization cross 
sections in PIXE method is introduced. 
As continuous background is present in experiments, it is covered by discussing in more 
detail about the sources of radiative processes which contribute in experimental PIXE spectra. 
In addition, for ease of understanding the experimental data, a quantitative analysis of the 






2.1 Characteristic x-rays 
When target atom is bombarded with heavy charged particles (from protons to heavy ions, 
usually MeV protons in PIXE method) it gets excited. The collision of charged particles with 
the target atom ejects the innermost shell electrons of the atom and causes a vacancy in the 
atomic inner shell. The excited atom seeks to regain a stable energy state by filling the vacancy 
in the inner shell with outer shell electrons. When an electron makes transition between the 
atomic energy levels, the electron emits a certain amount of energy in form of radiation which 
is called characteristic x-ray. In Figure 1, an atom is bombarded with a proton causing an 
ejection of an electron, ionization of K-shell and emission of characteristic x-ray. This is the 
main principle of PIXE method to produce characteristic x-rays.  
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Occasionally an excited atom might de-excite by the emission of an electron, known as 
Auger electron. On that occasion, the energy is higher than the binding energy of the electron, 
the electron gets ejected from its shell, and the atom does not emit characteristic x-ray. The 
atomic de-excitation can still produce both characteristic x-rays and Auger electrons or either 
of the two.  
In each element there is a unique set of energy levels which is determined by its protons 
and neutrons of the nucleus. Furthermore, atoms of a particular element have the same set of 
energy levels and because of that the element can be identified by characteristic x-rays. 
If a certain amount of energy is applied to an atom, it can remove an electron from it. To 
be able to remove the electron from the atom it requires that the applied energy must be greater 
than the electron binding energy. The binding energies of the electrons go down as the further 
the electron shell is located from the nucleus. The emitted x-ray energy 𝐸𝑥 which occurs when 
an electron makes a transition from an outer shell with electron binding energy 𝐸𝑜 to inner shell 
with binding energy 𝐸𝑖 which can be calculated with the equation 
                                                              𝐸𝑥  =  𝐸𝑖 −  𝐸𝑜   .             (1) 
The energy levels of the electrons in the atom determine x-ray spectrum.  Figure 2 shows 
an energy level diagram and electron transitions which are allowed by the quantum-mechanical 
selection rules [9] in a medium-heavy element. The electron transitions to the K-shell which 
produce x-rays are called K x-rays. More specifically, if the electron which fills the vacancy in 
K-shell comes from the LIII-shell, the emitted x-ray is denoted Kα1, and when the transition is 
from LII-shell, the emitted x-ray is indicated Kα2. If the K-shell electron vacancies are filled by 
the electrons which come from MIII-shell and from MII-shell, the emitted x-rays denote Kβ1 and 
Kβ2. Some components, for example the Kα x-ray components Kα1 and Kα2, have approximately 
the same energy which cause that they appear as a single Kα peak in the spectrum. Usually, the 
effective detection of light and medium-heavy elements with atomic numbers greater than 20 
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and less than 50 can be obtained by K x-rays [10].  
The vacancies created in the L-shell and filled by the outer M-shell electrons produce  
L x-rays are also presented in Figure 2 as the electron transitions. Generally, heavy elements 
with atomic number greater than 50 are identified by L x-rays [10]. 
 
 




Figure 2: Energy levels and electron transitions producing x-rays in medium-heavy element. 
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2.2 Cross sections of x-ray production  
The probability of x-ray production due to that a particular shell will be ionized by the incident 
charged particle is defined in terms of the x-ray production cross section. For example, the 
transitions to the K-shell from the L-shells and M-shells (presented in Figure 2) occur in PIXE 
spectrum as two different x-ray peaks, Kα and Kβ, depending on from which shell the electrons 
make transition. We denote the transition probability of Kα x-rays as 𝛤𝛼
𝑋, the transition 
probability of Kβ x-rays as 𝛤𝛽
𝑋, and the transition probability of Auger electrons as 𝛤𝐴. The 
emission ratio of x-ray 𝜔, also known as fluorescence yield [11], is defined by the equation 







   .             (2) 
The total production cross sections of Kα and Kβ x-rays are expressed by the equations 

















   ,                                      (3) 
where 𝜔𝐾 is K-shell fluorescence yield and 𝜎𝐾
𝑖  is K-shell ionization cross section. [12]  
For K-shell vacancy production induced by a charged particle (Ep, Z1) can be presented by the 
equation 




2 𝑓(𝐸𝑝, 𝑀1, 𝑈𝐾)  ,                                                   (4) 
where Z1 is the atomic number of the projectile, 𝑈𝐾 is K-shell electron binding energy, 𝐸𝑝 is the 
projectile energy, and 𝑀1 is the projectile mass. The cross sections of L x-ray (Lα, Lβ and Lγ) 
production can be presented by the same principle as in equations (2) − (4).  
 
 
2.2.1 Introduction of ECPSSR model 
The knowledge of accurate ionization cross sections and then the total x-ray production cross 
sections is of great importance for the quantitative PIXE analysis. Generally, if there are 
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significant uncertainties such as noise in the experimental data of PIXE, it is necessary to utilize 
a convenient theoretical model to predict ionization cross sections and compare them to the 
results obtained from the experiment. The best theory for calculating inner shell ionization cross 
sections is energy coulombian perturbed stationary state relativistic theory, also known as 
ECPSSR model [13], which is based on plane wave Born approximation (PWBA) theory 
including various improvements which are formed on plausible physical considerations [14]. 
The ECPSSR theory is developed by Werner Brandt and Grzegorz Lapicki [15]. 
In the ECPSSR, E denotes the energy loss, C stands for Coulomb deflection of the 
projectile ion, PSS is the perturbed stationary state, and R describes relativistic nature of the 
electron of the target in inner shell. The theoretical ECPSSR ionization cross section is given 
by the equation 
                                  𝜎𝐸𝐶𝑃𝑆𝑆𝑅 =  𝐶𝑆(ⅆ𝑞0𝑆)𝐹𝑆(𝑍)𝜎𝑃𝑊𝐵𝐴(𝑚
𝑅(𝜉𝑆)𝜂𝑆, 𝜁𝑆𝜗𝑆) ,                   (5) 
where 𝐶𝑆(ⅆ𝑞0𝑆) represents the Coulomb deflection factor [16], 𝐹𝑆(𝑍) is the energy loss 
correction factor [15], 𝑚𝑅(𝜉𝑆)𝜂𝑆 and 𝜁𝑆𝜗𝑆 are the relativistic and the binding energy  
corrections [15], and  𝜎𝑃𝑊𝐵𝐴 denotes the atomic ionization cross section obtained from the 
PWBA model [14].  
The accuracy of K-shell ionization cross sections given by the ECPSSR theory is 
confirmed to be in general within 10% agreement to the experimental values [17]. In case of  
L-shell ionization cross sections, the ECPSSR model is in good agreement with the data when 
shell is induced by protons of energies above 2 MeV [18]. At low projectile velocities the 








2.3 Continuous background 
PIXE spectra obtained from experimental data contain approximately Gaussian characteristic 
x-ray peaks with continuous background, mostly caused by electromagnetic radiation. 
Background underlies characteristic x-ray peaks and increases the statistical error of the 
experimental results. Most of the background radiation is due to the production of secondary 
electrons which occurs as a part of the excitation process. Thus, higher x-ray yields lead also to 
proportionately higher secondary electron production which cause bremsstrahlung within the 
target. There are three sources of radiative processes which explain well continuous  
background and contribute to a low energy PIXE spectrum: atomic bremsstrahlung (AB),  
secondary-electron bremsstrahlung (SEB), and quasi-free-electron bremsstrahlung (QFEB). 
There are also other sources causing continuous background to some extent, such as nuclear 
bremsstrahlung, Compton scattering, Rutherford scattering, cosmic rays, and environmental 
radiation [20]. 
It is important to be aware of the sources that might contribute to existence of continuous 
background in the experimental data to be able to minimize it. In addition, by collecting the 
continuous background data separately (without a target sample), it can be identified and 
subtracted from the PIXE spectrum. Most PIXE data analysis software offer a background 
modelling, where the background is predicted based on detected points which belong to it. 
Detected x-ray peaks are then separated from the background with an analytical function. 
 
 
2.3.1 Atomic bremsstrahlung  
Atomic bremsstrahlung is generated in collisions of a projectile and a target. The interaction 
between the projectile proton and an inner shell electron of the target leads to the excitation of 
the electron to a continuum state. During the de-excitation, the electron drops to a lower state 
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and emits photons with continuum spectra which are known as atomic bremsstrahlung. Emitted 
photons have continuum spectra because they come from different depths of the material which 
make them to lose varying amount of energy. Atomic bremsstrahlung cross section 𝜎𝐴𝐵 can be 
defined from the equation of the PWBA theory and hydrogen-like wavefunction [21]:  


































] 𝑠𝑖𝑛2 𝜃𝐿} × |𝑍𝑝𝑆(𝑍𝑇 , 𝑞)|
2
,   (6) 
where 𝑎0 denotes the Bohr atomic radius, 𝛼 denotes the fine-structure constant, ℏ𝜔 is the energy 
of photon,  𝑍𝑝 and 𝑍𝑇 are atomic numbers of the projectile and the target, 𝑐 denotes the speed 
of light in vacuum, 𝑣𝑝 is velocity of the projectile, 𝜃𝐿 stands for the photon emission angle with 
respect to the projectile direction, and 𝑍𝑝𝑆(𝑍𝑇 , 𝑞) is given in the literature [22]. 
 
 
2.3.2 Secondary electron bremsstrahlung 
After the electron of the target atom is ejected by the projectile proton, the electron interacts 
with the Coulomb field of the target’s nucleus during the time it passes through the material of 
the target. The electron scatters and loses energy by emission of secondary electron 
bremsstrahlung. When the electron ejection cross sections obtained from binary encounter 
approximation theory, electron bremsstrahlung of PWBA equation and the energy loss from 
Bethe equation are combined, the secondary electron bremsstrahlung cross section 𝜎𝑆𝐸𝐵 can be 
expressed by the following equation [23]: 


















2𝜃𝐿) ,                             (7) 
where ℏ𝜔 and ℏ𝜔𝐿 denote energies of photon before and after scattering, 𝑍𝑝 and 𝑍𝑇 represent 
atomic numbers of the projectile and the target, ℏ is the Planck’s constant, 𝑐 is the speed of light 
in vacuum, 𝑎0 is the Bohr atomic radius, 𝑚ⅇ is mass of the electron, 𝜃𝐿 stands for the photon 
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emission angle, and both 𝐶1 and 𝐶2 are given in the literature [24].  
Secondary electron bremsstrahlung can be characterized by the equation 
                                                               𝑇𝑚 = 2𝑚ⅇ𝑉𝑃
2 ,                                                           (8) 
where 𝑇𝑚 is the maximum energy of the projectile capable of transferring to a free electron at 
rest, 𝑚ⅇ stands for mass of the electron, and 𝑉𝑝 denotes velocity of the projectile [25]. When 
the energy is higher than 𝑇𝑚, the intensity of SEB decreases rapidly due to higher number of 
free and outer shell electrons compared with the number of inner shell electrons.  
 
 
2.3.3 Quasi-free electron bremsstrahlung 
Quasi-free electron bremsstrahlung occurs when the velocity of the electron in the atom is 
significantly slower than the velocity of the projectile. During the scattering of the electron in 
the projectile’s Coulomb field, QFEB is generated. Quasi-free electron bremsstrahlung cross 
section 𝜎𝑄𝐹𝐸𝐵 can be defined from the equation [24] 
















× [𝑠𝑖𝑛2 𝜃 +
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𝑝(3 𝑐𝑜𝑠2 𝜃 − 1)] ,        (9) 
where 𝑁𝜏 represents the number of electrons of the target atom, 𝑍𝑃 is the atomic number of the 
projectile, ℏ is the Planck’s constant, 𝑐 is the speed of light in vacuum, 𝑚ⅇ is mass of the 
electron, 𝑇𝑟 denotes relative kinetic energy, ℏ𝜔 is the energy of photon, 𝛺 denotes the solid 




Relative kinetic energy 𝑇𝑟 characterizes quasi-free electron bremsstrahlung by the 
following equation [26]: 
                                                                    𝑇𝑟 =
𝑚𝑒𝐸𝑃
𝑀𝑃
 ,                                                                    (10) 
where 𝑚ⅇ is mass of the electron, 𝐸𝑃 stands for the energy of the projectile, and 𝑀𝑃 denotes 
mass of the projectile. 
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2.4 Quantitative analysis 
When appropriate parameters are used with the experimental data, it is possible to analyze the 
elemental composition of the target [27]. The elemental composition of the sample can be 
defined from obtained PIXE spectra by using the formula  
                                                     ⅆ𝑁 = 𝐴(𝑠)𝑛(𝑠)𝜎𝜔𝑘𝛺𝑇𝜀ⅆ𝑆 ,                              (11) 
where ⅆ𝑁 is the number of counts which are coming from the number of 𝐴(𝑠) atoms, 𝑛(𝑠) 
stands for the number of protons passing through the surface element ⅆ𝑆, 𝜎 denotes cross 
section for ionization, 𝜔 is the fluorescent yield, 𝑘 is the probability for relative transition for 
the x-ray transition used in experiments, 𝛺 represents the solid angle, 𝑇 stands for transmission 
through irradiation chamber window, and 𝜀 is efficiency of the detector [28].  
The total number of counts in the peak can be obtained by integrating the formula (11). 
By taking the beam density distribution as a uniform and 𝑛(𝑠) as a constant, and integrating 
𝐴(𝑠) over the whole surface ⅆ𝑆, the following formula is obtained: 
                                                              𝑁 = 𝐴𝑛𝜎𝜔𝑘𝛺𝑡𝜀 ,                                          (12) 
where 𝑁 represents the total number of counts in specific peak, and 𝐴 stands for the total number 
of atoms of specific element in the sample. The values of 𝑁 for each peak are obtained directly 
from the experimental data. Measured PIXE spectra without an energy calibration are presented 










The experiment has been carried out at the Helsinki Accelerator Laboratory of the Department 
of Physics, University of Helsinki, Kumpula. The layout of the accelerator laboratory and the 
facilities with ion beams [29] are presented in Figure 3. Irradiation process was performed by 
5 MV tandem accelerator which generated 3 MeV protons for the PIXE experiment. This 
experimental part will cover the fundamental parts of the beam transmission path including ion 
source, accelerator, and beamline. In addition, an external PIXE setup used for the experiment 
is covered in more detail. Furthermore, samples and reference materials used in the experiment, 










3.1 Beam transmission path 
Figure 4 shows the beam transmission path with all parts from ion source throughout the 
accelerator to the beamline. Exact locations of the three parts are illustrated in the layout of the 
accelerator laboratory.  
 
Figure 4: Beam transmission path in 2D accelerator laboratory layout.  
 
 
3.1.1 Ion source 
In the experiment, a cesium sputtering ion source has been used. It is a negative ion source 
which is used for producing ion beams. The sputtering process occurs in an enclosed area in the 
ion source which has a cooled cathode and a heated ionized surface. Cesium vapor which is 
produced in the oven flows into the enclosed area and gets ionized for the most part by the 
heated surface. Some of cesium gets condensed on the front of the cathode. Through the formed 
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condensed cesium layer on the surface of the cold cathode, the ionized cesium sputters particles 




Negative ions generated in the ion source are directed through the injection magnet to the 
TAMIA 5 MV EGP-10-II tandem accelerator. This accelerator uses a generator and two-stage 
tandem acceleration to produce protons of desired energy.  
In the generator there is an insulated conveyor belt that transports charge to a terminal. 
These charges are generated through a high-voltage DC supply and then collected in the inside 
of the terminal and transferred to external surface [31].  
For the first stage of a tandem accelerator, the negative ions which are generated in the 
ion source are accelerated towards the positive high-voltage terminal. This terminal has a gas 
stripper in the middle of the accelerator. There the negative ions are stripped off from electrons 
trough gas volume to become positively charged ions. The positive ions are then accelerated as 
they move from the positive potential on the center of electrode back to the ground [32]. 
When the electrons of negative ions are stripped off, the second stage of acceleration 
begins. The positive ions, now repelled by the positive terminal, are further accelerated through 
the tube. At the output end of the accelerator, protons are magnetically separated from other 




The proton beam obtained from the accelerator moves further to the beamline through the 
analyzing magnets. The protons will then go through the collimator to keep the beam in focus. 
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To measure beam current there is a beam profile monitor (BPM) which is in vacuum at the end 
of the beamline. BPM is placed before the exit window after which the proton beam enters the 






3.2 External PIXE setup 
An external PIXE setup has many advantages over an internal PIXE which is usually performed 
in a vacuum environment [34]. Great benefit of external PIXE is the possibility of measurement 
at atmospheric pressure. This makes sample preparation and handling significantly easier and 
speeds up switching between samples. In addition, bringing the proton beam to air reduces 
heating on the surface of the sample on the beam target spot, so there is no danger to any sample 
damage. Another great benefit of external PIXE is that the sample charging is also avoided. 
A compact external PIXE setup which is presented in Figure 5 has been used to detect  
x-rays of nine coins. Each coin has been exposed to 3 MeV proton beam for 400-600 seconds 
in experimental box which is dark inside to prevent external light contamination and minimize 
noisy data. Before x-ray measurements of each coin, background and then standard reference 
materials of known compositions have been measured. Before each data collection set, lights 
of the room have been switched off. A video camera and an external monitor have been used 




Figure 5: Snapshot of external PIXE setup. 
 
 
3.2.1 Beam exit window  
Figure 6 presents a general layout of external PIXE beam configuration including profilometer 
which measures current, fast shutoff valve for vacuum protection, vacuum meter as well as the 
closeup figure of the parts which are inside the experimental box: beam exit window, sample 
holder and x-ray detector [34]. The proton beam travels from vacuum to the laboratory 
atmosphere through a beam exit window into the experimental box. Only one thin membrane 
of silicon nitride (Si3N4) has been used as the exit window. In addition, there has been a thin 
beam exit foil which withstands a pressure difference due to it separates the vacuum from the 
laboratory atmosphere. Beam exit foils are commonly made of polymers such as Kapton films, 
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but there are also other suitable options, for instance, aluminized Mylar, nickel, and zirconium 
foils [35]. Silicon nitride has a great advantage over the other materials because they cannot be 
as thin and durable as Si3N4. 
 
 
Figure 6: Layout of external PIXE beam configuration. [34] 
 
 
3.2.2 Beam-sample-detector geometry 
Changes in the beam-sample-detector geometry affect measurement results. The geometry of 
the measurements with the same detector must be kept the same to minimize systematic errors 
in intensity measurement. Moreover, each sample must be inserted and removed carefully from 
the sample holder to not to change the measurement geometry. 
The measurements have been separately performed by two different x-ray detectors which 
are presented in Figure 7. In the first measurements of the coins, the x-rays of each coin have 
been detected by a KETEK AXAS-D Silicon Drift Detector (SDD), with no absorber foil. The 
measurement geometry has been chosen so that from perspective of the sample holder there is 
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an angle of 90° between the beam exit window and the SDD. For every measurement with the 
SDD, each coin has been placed inside the experimental box to the sample holder and kept the 
same position at 45° angle from the normal to the beam exit window and to the detector. The 
genuine geometry of the external PIXE setup inside the experimental box is presented in  
Figure 8. 
After the first measurements, the SDD has been moved further from the sample holder 
and the other detector closer to it. The detection of x-rays in the second measurements has been 
performed with a Canberra GUL0110 Ultra-Low Energy Germanium (Ultra-LEGe) detector. 
Six thin aluminum foils and one Kapton film have been used as filters to absorb unwanted low 
energy x-rays of secondary electrons. The filters have been placed inside the white part 
(presented in Figure 8), so that the filters are in front of the entrance window of the detector. 
The measurements with Ultra-LEGe detector has been performed geometrically at an angle of 
60° respectively, where both the incident and the exit angles have been equal to 30°. Four coins 
have been observed to be composed of silver, and their experimental data have been detected 
by the Ultra-LEGe detector. 
 
 




Figure 8: Geometry of the external PIXE setup inside the experimental box.  
 
 
3.2.3 X-ray detectors and electronic devices of the measurements 
Figure 9 presents the construction and operation of the silicon drift detector. The sensor of the 
detector consists of 30 mm² SDD chip collimated to 20 mm² active area [36]. X-rays enter the 
detector through the 8 µm beryllium window and the cathode. On the opposite side of the x-ray 
entrance inside the detector, there is a small anode contact in the middle, which is surrounded 
by several concentric drift electrodes. Through the x-ray ionization process, the detector 
converts an x-ray of a particular energy into an electric charge of proportional size. The SDD 
utilizes a field gradient which is applied by ring electrodes on its back surface. This enables at 
the anode to collect the charge liberated by each detected x-ray. The SDD operates at a few tens 
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of degrees below zero and must be cooled by thermoelectric Peltier elements which transfer 
heat from the inner part of the detector to heatsink and then to air [37].  
 
Figure 9: Construction and operation of the silicon drift detector. [37] 
 
Canberra GUL0110 Ultra-LEGe detector, which has been used in the data collection of 
silver coins, has a 0.025 mm beryllium window with an active area of 100 mm² and thickness 
of 10 mm. An illustration of the entrance of the Ultra-LEGe detector is presented in Figure 10. 
This ultra-low energy germanium detector covers a wider range of energies – from 300 eV to 
300 keV. The detector manufacturer informs that the resolution at 5.9 keV is less than 150 eV 
(FWHM) [38]. One of the major advantages of the Ultra-LEGe detector is that it has a low 
capacitance. This permits it to maintain a good energy resolution performance even at very 
short shaping times. Ultra-LEGe detector has a P-I-N structure in which the intrinsic region is 
sensitive to x-rays. An electric field extends across the intrinsic or depleted region when it is 
under reverse bias. When x-rays interact with the material within the depleted volume of a 
detector, charge carriers (holes and electrons) of the semiconductor material are produced and 
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then swept by the electric field to the P and N electrodes. Germanium has a relatively low band 
gap because of significantly weak bonding between its atoms. This leads to thermal generation 
of charge carriers in the Ultra-LEGe detector. The detector must be cooled with liquid nitrogen 
(LN2), with which a dewar of the detector has been filled eight hours prior to measurements. 
Cooling the detector reduces unwanted noise and improves the energy resolution.  
In addition, the sensitive surfaces of the detector are well protected from different type of  
contaminants [39]. 
 
               
Figure 10: Entrance of the Ultra-LEGe detector. 
 
In Figure 11 radiation detection efficiencies of silicon drift and ultra-low energy 
germanium detectors are compared. SDD is particularly suitable for detecting lighter elements 
at lower radiation energies, whereas Ultra-LEGe detector performs better efficiency results at 




Figure 11: Comparison of detection efficiency among silicon and germanium detectors. [40] 
 
Electronic devices after the detector take care of pulse collection and transfer to displayed 
spectrums. A schematic illustration of used electronic devices and their connections is presented 
in Figure 12. As the output of the detector is a charge pulse and is proportional to the energy 
deposited in the detector by the incoming x-ray, it is converted into a voltage pulse by an 
integral charge-sensitive preamplifier. The preamplifier is connected to a high voltage power 
supply with coaxial cables and to linear amplifier which carries out the conversion of the 
signals. The amplifier output goes to the analog-to-digital converter (ADC) and after that to the 
input of Multi-Channel Analyzer (MCA) which distributes different received amplitudes. The 
output of MCA is connected to the computer from which the experimental data can be 
visualized as an energy spectrum. The MCA program of the computer enables taking data of 
the total number of counts under the peaks as well as the measurement time. Experimental data 
obtained from the measurements have been collected in the control room which is presented in 












3.3 Samples and experimental data  
Samples and reference materials used in the external PIXE experiment are introduced. 
Moreover, sample preparation for the experiment has been discussed. In addition, the 
experimental data processing including an energy calibration and a background correction 
method with PyMCA software have been covered.   
 
 
3.3.1 Introduction of samples and sample preparation 
Nine coins from 18th to 20th centuries and from different countries have been used as the 
samples in the external PIXE experiment. These coins are presented in Figure 14 and  
Figure 15. Detailed information of the coins is presented in Table 1. The information has been 
collected from the International Catalog of World Coins [41]. 
Before the experiment, coins A - G have been removed from impurities in distilled water 
with ultrasonic sound cleaner. The cleaner utilizes an ultrasonic cleaning method, which 
consists of a simultaneous mechanical and chemical treatment of coins. A generator within the 
cleaner produces high-frequency sound vibrations, exerting a very strong mechanical action on 
a surface of each coin – this process can remove dirt, gunk, grime, and other impurities which 
have been built up on coins. At the same time, because of intense vibration of the metal surface 
of each coin, corrosion and other chemically formed foreign deposits are separated and 
removed. Coins H - I have not been cleaned with ultrasonic sound cleaner because these coins 
have been stored well in coin capsules. In addition, when cleaning coins ultrasonically, there is 
probability of overclean and cause damage to coins [42]. 
After the sample preparation each coin has been handled with rubber gloves to prevent 
any impurities on their surfaces. The coins A - I have been inserted to the sample holder one at 








Figure 15: Coins H - I used as target samples in the external PIXE experiment. 
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Coin Country Denomination Year Composition 
A USSR 15 kopeks 1922 silver 0.500 
B Russia 50 kopeks 1896 silver 0.900 
C USSR 1 ruble 1965 copper – zinc – nickel 
D Romania 100 lei 1944 nickel plated steel 
E USSR 1 ruble 1967 copper – zinc – nickel 
F USSR 1 ruble 1980 copper – nickel 
G USSR 1 ruble 1981 copper – nickel 
H France 5 francs 1961 silver 0.8333 
I Portugal 40 reis 1750 silver 0.917 
 
Table 1: Detailed information of coins A - I. 
 
 
3.3.2 Reference materials 
Known compositions of four certified reference materials AGQ2, AGA1, AGA3, and AG500 
have been irradiated in the same circumstances as the coins. This has been done to ease 
calibration of energies in the measurement data and to clarify identification of elements in the 




3.3.3 Experimental data analysis with PyMCA 
Collected PIXE data from the experiment has been processed and analyzed in a PyMCA 
software that has been developed at the European Synchrotron Radiation Facility. The program 
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has been published as PyMCA because it has been written with a Python programming language 
and due to the scientific use of MCA for Multi-Channel Analyzer. PyMCA is a user-friendly 
program for analysis of energy-dispersive X-ray fluorescence data [43].  
Energy calibration to each experimental data set has been performed with help of certified 
reference materials, which elements are well known. After the energy calibration all channel 
numbers of the coin data have been replaced with corresponding energies. In addition, an 
efficient background correction method of the PyMCA has been used to enhance the 
performance for the detection of peaks. The correction method consists of two steps: a 
background modelling and a background correction. After detecting some points which belong 
to the background from a spectrum, the background is modeled by a curve fitting method, 
separating detected x-ray peaks from the background with an analytical function. An example 
of processed data is presented in Figure 16. Each detectable spectral peak has been then 
identified based on its energy with the peak identifier tool of the PyMCA.   
 
 




X-ray peaks obtained from the processed data of each coin have been fitted and plotted based 
on possible x-ray emission lines and their characteristic x-ray energies. Moreover, each x-ray 
peak represents the presence of element for that specific energy. In general, K x-rays are 
detected easier for the lighter elements, whereas L x-rays for the heavier elements. Only clear 
and sharp peaks with low background noise have been considered. 
In the first part, the results of processed data of silver coins are introduced – firstly the 
detection of x-rays is done with the SDD and secondly with the Ultra-LEGe detector. In the 
second part, the results of other coins (C, D, E, F, and G), which characteristic x-rays have been 
detected by the SDD, are discussed. Lastly, an overview of all obtained results is covered.  
In measurements performed with the SDD, K x-ray peak of silicon (Si) has been observed. 
The presence of Si (Kα – 1.740 keV, Kβ – 1.836 keV), is related to the Si3N4 of the exit window. 
Also, K x-ray peak of argon (Ar) has been detected. The presence of Ar  
(Kα – 2.957 keV, Kβ – 3.190 keV) is related to the air. Si and Ar are present in every spectrum 
detected by the SDD, and therefore it will not be reported. In addition, at the beginning of every 
PIXE spectrum detected by the SDD, there is a high noise peak, as can be seen in appendices 
A.1 - A.12 of Appendix A: Raw spectral data. The noise peak of each raw data of is shown 






4.1 Silver coins 
Silver coins A, B, H, and I have been irradiated in the external PIXE and detected first by the 
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SDD. After the measurements of all coins, the x-ray detector has been switched. Silver coins 




4.1.1 Silver coins with SDD 
Figure 17 shows a PIXE spectrum of x-rays in silver coin A detected by the SDD. In addition, 
the detected elements in the spectrum, their x-ray emission lines, and possible x-ray energies 
are presented in Table 2. PIXE spectra of other silver coins B, H, and I detected by the SDD 
including tables of determined elements, x-ray transmission lines, and energies are in  
Appendix C: Results (Appendices C.1 - C.6).  
From the detected x-rays by the SDD, the following elements are identified in silver coins: 
silver (Ag), copper (Cu), arsenic (As), iron (Fe), copper (Cu), and zinc (Zn). Coins A and B 
have been observed to contain nickel (Ni). In addition, lead (Pb) has been detected in coins A, 
B, and I. 
In case of detected L x-rays of As and Ag, broadened peaks can be seen in the PIXE 
spectrum of each silver coin. These peaks consist of cross sections of multiple L x-rays and 
includes ionization x-ray emissions of different energies. Possible L x-rays of Ag are presented 
























  Table 2: Detected elements, lines, and possible x-ray energies in coin A. 
Element X-ray emission line Energy (keV) 
As L3 1.282, 1.315 
As L2 1.317, 1.350 
As L1 1.380, 1.386, 1.485, 1.524 
Ag L3 2.634, 2.978, 2.984, 3.256, 
3.348 
Ag L2 2.806, 3.151, 3.429, 3.520 
Ag L1 3.203, 3.234, 3.433, 3.439, 
3.743, 3.749 
Fe Kα 6.391, 6.404 
Fe Kβ 7.058 
Ni Kα 7.461, 7.478 
Cu Kα 8.028, 8.048 
Zn Kα 8.616, 8.639 
Cu Kβ 8.905 
Zn Kβ 9.572 
Pb Lα 10.551 
Pb Lβ 12.600, 12.614, 12.622 
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From the experimental data of each silver coin, a presence of noise in the data can be 
observed with higher energy (above 10 keV). In case of silver coins, the only peaks detected 
above 10 keV are from Pb. The presence of Pb is totally random which can be explained for the 
metallurgic process of the obtaining of silver and for manufacturing process of the coins. 
Therefore, the data above 10 keV will not be discarded. 
 
 
4.1.2 Silver coins with Ultra-LEGe detector 
PIXE spectrum of silver coin A detected by the Ultra-LEGe detector is presented in Figure 18. 
In addition, detected spectral peaks with energies and elements of coin A are shown in Table 3. 
Experimental results of other silver coins, obtained in the same circumstances, are in  
Appendix C: Results (Appendices C.11 - C.16). The Ultra-LEGe detector detected following 
eight elements in silver coins: silver (Ag), copper (Cu), iron (Fe), lead (Pb), arsenic (As), tin 
(Sn), antimony (Sb), and bismuth (Bi).   
The presence of germanium (Ge) in every PIXE spectrum detected by Ultra-LEGe 
detector can be clarified by a simple theoretical approach based on the production of  
germanium K x-rays (Kα – 9.855 keV, Kβ – 11.101 keV) inside the Ge crystal of the detector. 
In addition, there is one peak at 13.9 keV which is also present in every x-ray spectrum by 
Ultra-LEGe detector. This peak does not correspond any reasonable element, and for that reason 
will not be considered. In addition, in the PIXE spectra of coins A and B, there is a sum peak 
(at 17.3-19.8 keV) which has been recorded due to Ge.  
From the PIXE spectra obtained by the Ultra-LEGe detector most of the elements are 
detected with a great accuracy between 6 - 26 keV. Before Above 30 keV it is hard to detect 
any clear peak due to presence of noise effect. In addition, there are sum peaks astride 45 keV. 
Sum peaks can be observed in Appendices A.13 - A.20 of Appendix A: Raw spectral data 
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astride the channel 2500. 
 























Element X-ray emission line Energy (keV) 
Fe Kα 6.391, 6.404 
Cu Kα 8.028, 8.048 
Cu Kβ 8.905 
As Kα 10.544 
Bi L2 11.712 
Pb L1 12.307 
Pb L2 15.503 
Bi L1 15.582 
Ag Kα 21.990 
Ag Kβ 24.912, 24.943 
Sn Kα 25.271 
Ag  Kβ2 25.451, 25.458 
Sb Kα 26.111, 26.359 
Sn Kβ 28.444, 28.486 
Sb Kβ 29.726 
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4.2 Other coins 
All other coins, which did not contain any silver, have been detected by the SDD only. The 
results of other coins are presented in Figures 19 - 21 and Tables 4 - 6, as well as in  
Appendix C: Results (Appendices C.7 - C.10). 
These coins have been classified into three groups based on their metallic composition 
(presented in Table 1): nickel plated steel (coin D), copper-zinc-nickel (coins C and E), and 
copper-nickel (coins F and G). 
From the PIXE spectra of the coins of each group, a presence of noise in x-ray energy 
above 10 keV can be observed. In addition, there are significantly high x-ray peaks between  
14.883 - 16.738 keV. These x-ray peaks are clearly sum peaks of the highest peaks in each 
PIXE spectrum.  
 
 
4.2.1 Nickel plated steel 
Results of nickel plated steel coin D are presented in Figure 19 and in Table 4. The results show 
that besides iron (Fe) and nickel (Ni) coin D also contains cobalt (Co) and copper (Cu).  
 










   Table 4: Detected elements, lines, and possible x-ray energies in coin D. 
 
 
4.2.2 Copper – zinc – nickel 
Coins C and E have an alloy of copper-zinc-nickel. In both coins, same five elements have been 
detected, namely, manganese (Mn), iron (Fe), nickel (Ni), copper (Cu), and zinc (Zn). The PIXE 
spectrum of coin C is presented in Figure 20. In addition, detected elements, lines, and x-ray 
energies of coin C are tabulated in Table 5. Experimental results of coin E are presented in 
Appendices C.7 and C.8. 
 
Figure 20: PIXE spectrum of coin C detected by SDD. 
Element X-ray emission line Energy (keV) 
Fe Kα 6.391, 6.404 
Co Kα 6.915, 6.930 
Ni Kα 7.461, 7.478 
Cu Kα 8.028, 8.048 














   Table 5: Detected elements, lines, and possible x-ray energies in coin C. 
 
 
4.2.3 Copper – nickel  
Coins F and G have been both approved throughout the PIXE experiment to have an alloy of 
copper-nickel. The results obtained from the PIXE measurement of coin F are presented in 
Figure 21 and in Table 6. The results of coin G are in Appendix C: Results (Appendices C.9 
and C.10). Both coins consist of copper (Cu), nickel (Ni), iron (Fe), and manganese (Mn). 
 
Figure 21: PIXE spectrum of coin F detected by SDD. 
Element X-ray emission line Energy (keV) 
Mn Kα 5.888, 5.899 
Fe Kα 6.391, 6.404 
Fe Kβ 7.058 
Ni Kα 7.461, 7.478 
Cu Kα 8.028, 8.048 
Ni Kβ 8.265 
Zn Kα 8.616, 8.639 
Cu Kβ 8.905 

















4.3 Overview of results 
The major components of studied silver coins (coins A, B, H, and I) are Ag and Cu. Both metals 
are found pure in nature, and they both have face-centered cubic (FCC) crystal structure. Pure 
elements have identical atoms arranged in regular layers which slide easily over each other. 
This is the reason why these metals are soft and need to be made harder to afford coins greater 
durability. Harder structure can be achieved by adding other elements to pure metals, which is 
known as forming an alloy. This can be explained by that the alloy has different sized atoms of 
the mixed metals, which makes its atomic layers less regular. From the PIXE spectra of the 
SDD, seven elements have been determined. In the measurements with Ultra-LEGe detector, 
eight elements have been discovered, of which five elements are the same as in the SDD 
measurements. All elements obtained from the PIXE measurements of silver coins are 
consistent with other similar studies [44, 45]. 
In nickel plated steel coin (coin D) observed elements are Fe, Cu, Co, and Ni. Steel is an 
Element X-ray emission line Energy (keV) 
Mn Kα 5.888, 5.899 
Fe Kα 6.391, 6.404 
Ni Kα 7.461, 7.478 
Cu Kα 8.028, 8.048 
Ni Kβ 8.265 
Cu Kβ 8.905 
38 
 
alloy consisting of Fe with typically a few percent of carbon (C). Neither of the x-ray detectors 
employed in the study cannot detect very low energy x-rays (less than 0.5 keV). Cu is often 
added to steel to increase its corrosion resistance and prevent formation of rust. Co is normally 
used as an alloying addition. Ni plating produces a coating to steel and adds more corrosion 
resistance and hardness.  
Copper-nickel-zinc alloy coins (coins C and E) have been observed to consist of Cu, Ni, 
and Zn with additions of Mn and Fe. At the beginning, commemorative rubles have been struck 
in the same alloy as other circulating coins. Starting from year 1975, copper-nickel-zinc alloy 
has been changed to a higher-quality copper-nickel alloy which excluded Zn in the composition 
of coins [46]. This explains why USSR coins C (1965) and E (1967) contain Zn, whereas coins 
G (1980) and F (1981) do not. Experimental results of the present study verify this. 
Copper-nickel, which is also known as cupronickel, is an alloy of Cu that contains Ni and 
strengthening elements, such as Fe and Mn. All these four elements have been found in the 


















In the present study, nine coins have been analyzed in the laboratory by the PIXE technique to 
qualitatively determine their elemental composition. The external PIXE measurement setup 
provides nondestructive, sensitive, and fast multi-elemental analysis method with an excellent 
identification accuracy of elemental signals.  
The theory part of this thesis explains the most fundamental parts of interactions between 
the external ion beam and the target sample. PIXE is based on detecting characteristic x-rays 
which are formed during the transitions of electrons. These processes occur when an inner shell 
electron is released from an atom. 
Each coin has been exposed to the 3 MeV external proton beam in the experimental box. 
Emitted characteristic x-rays have been detected prompt during beam exposure by the x-ray 
detector and recorded as a spectral peak with the aid of MCA and the other electronic devices 
of the experimental setup. A quantitative analysis of the obtained raw spectral data of each 
measurement has been performed with the PyMCA software. K x-rays and L x-rays of many 
elements have been identified. Obtained experimental results verify that the external PIXE 
technique can be utilized as a practical tool for the identification of elements in metallurgical 
samples. 
Before the ion beam exposure on the sample, most of the coins have been removed from 
impurities in distilled water with ultrasonic sound cleaner. This ultrasonic cleaning method 
provided a simultaneous mechanical and chemical treatment of coins. This procedure has a 
great impact in obtaining more accurate results.  
From the point of view of the numismatics, the application of PIXE method provides 
valuable information of coins, for example in changes of material technologies, economic 
conditions, political aspects, monetary theory, and art of coin design.  
Due to simplicity of PIXE analysis method, it can be utilized in numerous applications 
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and in wide range of fields, such as materials science, archaeology, medicine, criminal 
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Appendix A: Raw spectral data 
Raw spectral data detected by the SDD is presented in Appendices A.1 - A.12. In addition, 
Appendices A.13 - A.20 represent raw spectral data detected by the Ultra-LEGe detector.  
 
 




Appendix A.2: Raw spectral data of reference material AGQ2 detected by SDD. 
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Appendix B: Reference materials  
Information of the reference materials used in the experiment is presented in appendices  
B.1 - B.4. 
 
 












































Appendix C: Results 
Silver coins (coins B, H, and I) detected by the SDD: Appendices C.1 - C.6.  
Other coins (coins E and G) detected by the SDD: Appendices C.7 - C.10. 





















      
 
     Appendix C.2: Detected elements, lines, and possible x-ray energies in coin B. 
Element X-ray emission line Energy (keV) 
As L3 1.282, 1.315 
As L2 1.317, 1.350 
As L1 1.380, 1.386, 1.485, 1.524 
Ag L3 2.634, 2.978, 2.984, 
3.256, 3.348 
Ag L2 2.806, 3.151, 3.429, 3.520 
Ag L1 3.203, 3.234, 3.433, 
3.439, 3.743, 3.749 
Fe Kα 6.391, 6.404 
Fe Kβ 7.058 
Ni Kα 7.461, 7.478 
Cu Kα 8.028, 8.048 
Zn Kα 8.616, 8.639 
Cu Kβ 8.905 
Zn Kβ 9.572 
Pb Lα 10.551 



















      
 




Element X-ray emission line Energy (keV) 
As L3 1.282, 1.315 
As L2 1.317, 1.350 
As L1 1.380, 1.386, 1.485, 1.524 
Ag L3  2.634, 2.978, 2.984, 
3.256, 3.348 
Ag L2 2.806, 3.151, 3.429, 3.520 
Ag L1 3.203, 3.234, 3.433, 
3.439, 3.743, 3.749 
Fe Kα 6.391, 6.404 
Cu Kα 8.028, 8.048 
Zn Kα 8.616, 8.639 
Cu Kβ 8.905 






















     Appendix C.6: Detected elements, lines, and possible x-ray energies in coin I. 
Element X-ray emission line Energy (keV) 
As L3 1.282, 1.315 
As L2 1.317, 1.350 
As L1 1.380, 1.386, 1.485, 1.524 
Ag L3  2.634, 2.978, 2.984, 
3.256, 3.348 
Ag L2 2.806, 3.151, 3.429, 3.520 
Ag L1 3.203, 3.234, 3.433, 
3.439, 3.743, 3.749 
Fe Kα 6.391, 6.404 
Cu Kα 8.028, 8.048 
Zn Kα 8.616, 8.639 
Cu Kβ 8.905 
Zn Kβ 9.572 
Pb Lα 10.551 


















Appendix C.8: Detected elements, lines, and possible x-ray energies in coin E. 
 
 
Element X-ray emission line Energy (keV) 
Mn Kα 5.888, 5.899 
Fe Kα 6.391, 6.404 
Fe Kβ 7.058 
Ni Kα 7.461, 7.478 
Cu Kα 8.028, 8.048 
Ni Kβ 8.265 
Zn Kα 8.616, 8.639 
Cu Kβ 8.905 
















     Appendix C.10:  Detected elements, lines, and possible x-ray energies in coin G.  
 
 
Element X-ray emission line Energy (keV) 
Mn Kα 5.888, 5.899 
Fe Kα 6.391, 6.404 
Ni Kα 7.461, 7.478 
Cu Kα 8.028, 8.048 
Ni Kβ 8.265 


















   Appendix C.12:  Detected elements, lines, and possible x-ray energies in coin B. 
 
 
Element X-ray emission line Energy (keV) 
Fe Kα 6.391, 6.404 
Cu Kα 8.028, 8.048 
Cu Kβ 8.905 
As Kα 10.544 
Bi L2 11.712 
Pb L1 12.307 
Pb L2 15.503 
Bi L1 15.582 
Ag Kα 21.990 
Ag Kβ 24.912, 24.943 
























Element X-ray emission line Energy (keV) 
Fe Kα 6.391, 6.404 
Cu Kα 8.028, 8.048 
Cu Kβ 8.905 
Pb L1 12.307 
Pb L2 15.503 
Bi L1 15.582 
Ag Kα 21.990 
Ag Kβ 24.912, 24.943 





























Appendix C.16: Detected elements, lines, and possible x-ray energies in coin I. 
Element X-ray emission line Energy (keV) 
Fe Kα 6.391, 6.404 
Cu Kα 8.028, 8.048 
Cu Kβ 8.905 
As Kα 10.544 
Bi L2 11.712 
Pb L1 12.307 
Pb L2 15.503 
Bi L1 15.582 
Ag Kα 21.990 
Ag Kβ 24.912, 24.943 
Sn Kα 25.271 
Ag  Kβ2 25.451, 25.458 
Sn Kβ 28.444, 28.486 
